In this paper, a compact circularly polarized (CP) antenna with omnidirectional radiation is presented, which has a central symmetric configuration (CSC) and planar structure. It consists of three identical end-fire CP antenna units. Based on the combination of two parallel complementary current sources, each unit cell can be realized by a scalloped cavity and a couple of curved strip lines. Due to a single-layer circular structure with low profile, this configuration can be excited by a coaxial probe in the centre of the whole frame simultaneously. In addition, this prototype was miniaturized with a diameter of 32 mm (0.266λ r , the wavelength of the centre frequency in free space is represented by λ r ) and a height of 1.5 mm (0.012λ r ). Centre resonance frequency 2.492 GHz is selected, resulting in an omnidirectional radiation and impedance bandwidth (VSWR ≤ 2) of 25 MHz (2481-2506 MHz).
Introduction
Since wireless communication systems have developed fast in recent years, the CP antenna has attracted strong attention due to its advantage of anti-multipath interference. Particularly, owing to 360 degree coverage and the same radiation strengths of the CP antenna, the omnidirectional CP antenna becomes very attractive. erefore, a great deal of effort has been directed to design omnidirectional CP antennas [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
Lots of classical types of antennas have been designed for omnidirectional CP antennas recently. In the approach in [1] , this was attained by dielectric resonator antennas (DRAs). It excited a degenerate mode for a CP antenna by introducing some slots to the side surfaces of the DRA. To give a good AR, the slots should be designed correctly for perturbation of circular polarization. Similarly, the impedance is adjusted by the probe length to match according to the principle of antenna. Additionally, with the presence of the associated feeding network, four bended monopoles were excited simultaneously [3] .
is antenna has a working bandwidth (S11 ≤ − 10 dB and AR ≤ 3 dB) of 87 MHz, and electrical size is about 0.22λ 0 × 0.22λ 0 × 0.076λ 0 . It has a small transverse size but a slightly high profile. CP radiation is obtained by a monopole and spoke-like metal loop strips [5] , the electric monopole is acted by a coaxial probe and the loop plays the part of the magnetic monopole. To achieve an electric monopole, this design introduces double layers for appropriate probe length (about 0.079λ 0 ). Besides, four outer arcs and an inner disk-loaded feeding pin can generate horizontal and vertical polarization, respectively, in [7] . For good impedance matching, an additional lower substrate is necessary for matching network to be arranged. However, all these achievements have nonplanar or multilayered structures, and their electrical profiles are relatively large obviously.
Certainly, several single-layer designs have also been put forward to realize the omnidirectional CP. One of the examples is given in [4] , where it is based on a vertical polarization produced by a zeroth-order resonance (ZOR) mode of epsilon negative (ENG) transmission line (TL) and a horizontal polarization generated through the curved branches. By placing four curved zeroth-order resonators (EZR) and mu-zero resonance (MZR) resonators in a circle loop form array [11] , the MZR and EZR operate as magnetic dipole and electric dipole, respectively. Both of them have single-layer structure with low profiles, yet their whole dimensions need to be decreased. ere are also some new constructs with compact and low-profile feature of omnidirectional CP antenna. For example, in [2] , the radiator of this antenna comprises a quarter-wave shorted patch and two printed strips, which can be considered the magnetic dipole and electric dipole, respectively. It has an average AR below 1.5 dB and a dimension of 1.74λ 0 × 0.31λ 0 . In [6] , the design is based on several identical end-fire CP antenna units in a circular antenna array, and its overall dimension is 0.62λ 0 × 0.62λ 0 .
ere is no doubt that the aforementioned antennas all perform well, but the overall size of each of them needs to be further decreased to achieve miniaturization. is paper presents a CSC and compact CP antenna with omnidirectional radiation motivated by aforementioned achievements. A planar circular array with the CSC composed of several end-fire CP antenna units is proposed. It has a compact single-layer structure with small size and a single feed and can be fabricated on a F4B easily (relative permittivity ε r = 2.65 with a thickness of 1.5 mm). In both planar configurations, the proposed antenna has a wider usable bandwidth and a smaller size compared to that proposed in [4] . e working bandwidth of the antenna in [6] is larger than that of this antenna, but the proposed antenna is much smaller in size, realizing the miniaturization technology. e effective operation frequency band covers the whole S band of BeiDou Navigation System with good directivity in the whole azimuth plane.
Antenna Design

Antenna Geometry and Planar Sector-Shaped Unit
Element. In order to achieve an omnidirectional CP antenna with low profile and small size, we adopt a single-layer structure as much as possible. Certainly, the antenna must be designed to meet the antenna parameter requirements, such as VSWR, antenna gain, and AR. As for the omnidirectional antenna, it also needs to meet the requirements of out-of-roundness. e geometry of the proposed CSC antenna based on a fan-shaped configuration that embraces three unit elements is presented in Figure 1 . An element is composed of a scalloped cavity including one metallic hole and a couple of printed curved strips on each side of the board in the opposite azimuth direction. Two conductive curved strips are connected to a common scalloped cavity. One is connected to the upper left corner on the top, while the other to the lower right corner at the bottom of the unit element. In addition, double coupled lines and conductive curved strips have opposite directions on the same layer as is shown in Figure 1(d) . e front and back structures are almost the same, but the coaxial radius is hollowed out at the bottom for welding.
Antenna Design Guideline.
e original prototype structure is shown in Figure 2 (a). When the feeding port is located near the shorted electric wall, the electric field can be excited in the open aperture. Since the free space wavelength is long enough compared with the profile of the dielectric substrate, the tangential electric field E → at the open aperture can be known as a magnetic current source M → s on the basis of the theory of boundary condition for electromagnetic fields:
where E → represents the tangential electric field of the radiation aperture excited in the state of dominate mode and the normal vector is symbolized by e → n . e magnetic current is generated by the open aperture, whereas the double straight lines offer the electric currents. We are able to gain the electric far fields from [2] 
where η 0 � 120π and
→ e j(π/2) l e π π 2 − k 0 l e sin θ cos φ 2 cos k 0 l e + l m 2 sin θ cos φ + cos k 0 l m 2 sin θ cos φ ,
2 International Journal of Antennas and Propagation It is known from [2] that when the electric field intensity is maximum (the peak magnetic current is realized), the surface electric current, however, reaches the minimum. After a quarter of a period, the condition is just opposite. It reveals that the magnetic current has a 90°phase difference from the electric current. With the inherent 90°phase difference between the two types of currents, a circular polarization radiation pattern can be achieved. e linear parallel complementary dipoles were converted into those annulus ones in this work shown in Figure 1(d) . erefore, the magnetic current has an inherent phase difference of 90°from the electric currents in the proposed CSC antenna. is conclusion has been verified in Figures 2(b) and 2(c). Inspired by the aforementioned CP mechanism, a CSC circular array comprising three identical end-fire CP elements is proposed in this paper. A shorted scalloped construct is formed by introducing a metallic aperture along the angular bisector. When several structures are placed with the CSC as in the proposed design, partial radiation will be cancelled out from their side apertures. erefore, the effective radiation is only from the arcshaped one. e electric current and magnetic current parallel to each other were converted into annular current source at the same time in the final design. According to the classical electromagnetic field theory, the relationship between the radius of the circular patch and the resonant frequency can be determined by using the following equations:
where X np ′ is the zero-order term of the derivative of n-order Bessel function (for TM 01 mode, X 01 ′ � 3.83171) and parameters a and a e denote the physical radius and effective radius of the patch, respectively. In addition, the speed of light and the thickness of the substrate are represented by parameters c and H, and f np and ε r are corresponding to the resonant frequency and relative dielectric constant, respectively. For a CSC antenna array in the xoy plane, the array factor can be expressed by
where α i and β i represent the amplitude and phase of the unit i, respectively. Parameter r is the radius of the antenna array circle, and φ i � 2πi/N. When the whole antenna's elements are excited with equal amplitude in phase, an omnidirectional radiation performance can be obtained in the azimuth plane. Based on the reason that too many units will cause the annular current to overlap and the theory that the omnidirectional performance requires at least three elements to be guaranteed, this paper chooses i � 3 to meet the needs for the antenna design.
To clarify the concept of proposed antenna more clearly, the design process is demonstrated in According to [9] , the lowest mode (TM01mode) that could produce a monopole radiation pattern is resulted from conductive apertures shown in Figure 3 (a). By introducing the curved strips, the CP mode is formed, thanks to the complementary dipoles presented in Figure 3 (b). We now turn our attention to the most apparent merits-miniaturization-of this proposed design, demonstrated in Figure 3 (c). With the cooperation of the coupling strips, the resonant frequency is largely reduced. e influence of the variation of specific variable parameters on the antenna performance is given in detail in Section 3. e conception of this configuration is inspired from [6] , both of them have the same CSC. Nonetheless, the formation of the 90°phase difference is quite different. e 90°phase difference in [6] is caused by the phase compensate line, yet the proposed antenna naturally exists. Above all, the proposed antenna is much smaller than that in [6] in dimension size, which shows miniaturization with compact structure. e mechanism of the proposed antenna is similar to that in [2] . Since the linear complementary dipoles were converted into annular ones, it saves a lot of space with a quite compact structure. In addition, the resonant frequency is largely reduced by the shorting pins and coupling arcs. erefore, the biggest advantage of the proposed antenna compared with that in [2] is its achievements in miniaturization.
As can be seen from a quarter-wave shorted patch in [2] , the radius of the proposed antenna is comparable to a International Journal of Antennas and Propagation quarter working wavelength. However, the actual size is much smaller than the quarter working wavelength due to miniaturization technology. In the same way, the arc length of the complementary dipoles is also less than the quarter working wavelength to ensure the resonance of the ring current sources. Finally, we know that it is the coupling arcs and shorting pins that realize the miniaturization of the proposed antenna. erefore, it is necessary to increase the length of the coupling arcs as much as possible to reduce the resonance frequency. As to the shorting pins, the closer it is to the centre of the circle, the lower the resonant frequency is. In combination with the antenna performance, various parameters are adjusted for optimization. 
Parametric Studies
In order to better comprehend the mechanism of this proposed CSC antenna, we have investigated the effect of different related parameters on antenna performance. Several parameters, such as the coupling strips, the radius of the antenna, the position of the shorted aperture, and the length of the branches, were studied as described below.
Effect of Coupling Strips.
It is the coupling strips that contribute to the miniaturization of this work to a large extent. e shorting pins act as several closed inductances, while the coupling strips can be considered as the closed capacitances. Hence, the closed inductances and capacitances can reduce the resonant frequency tremendously presented in Figure 5 . It is perspicuous that the resonant frequency of the proposed antenna is near 3 GHz without coupling ring, while about 2.45 GHz with coupling ring. e size of each unit cavity is determined by φ m . e length of the annular magnetic current source is controlled by the change of φ m , whose effect is the same as that of the parameter l m shown in Figure 2 (a). With the increase of φ m , the resonant frequency is gradually reduced as can be seen from Figure 6 (a) because the path of the equivalent magnetic current source is enlarged. When φ m � 52 deg, the antenna can obtain the best resonance of centre frequency. Besides, the best axial ratio bandwidth is achieved at the same time shown in Figure 6 (b).
Effect of Different Diameter d and the Location of Shorted
e shorted aperture plays a key role in antenna performance. It can be seen from Figure 7 that when the diameter of the shorting aperture is 1 mm, a good match can be obtained at centre frequency. Meanwhile, the location of shorted aperture also has a significant effect on the resonant frequency. In Figure 8(a) , it is shown that the resonant frequency increases with R f . It is widely acknowledged that the fundamental mode TM 01 of the circular patch can be realized by a central coaxial probe feed. e resonant frequency can be reduced clearly owing to the introduction of shorted aperture. e surface electric current on the patch is flowing along the radial direction. e shorted aperture plays the role of an electric wall, so the λ/4 shorted wall is reduced in the mirror principle with the increase in R f . However, the change of R f has negligible effect on the performance of AR as shown in Figure 8(b) , thanks to the CSC.
Result Analysis
e proposed antenna is constructed by printed circuit board (PCB) technology and shorting pins are achieved by metallized holes. e antenna measurement was done in an anechoic chamber with a vector network analyzer. Firstly, the test distance should meet the far-field condition (2 × D 2 /λ r , D is the maximum diameter of the antenna), and secondly, the tooling should be wrapped with absorbing material to prevent the influence on the antenna performance. Figures 9(a) and 9(b) display the S11 and AR result curves for the proposed CSC antenna. Both the measured and simulated results have good resonance at centre frequency. e resonance frequency is related to the size of some parameters of this antenna rigidly, and there is only one resonance region of this antenna. erefore, the International Journal of Antennas and Propagation 7 operation frequency band of S11 is limited (2481-2506 MHz). It can draw such a conclusion that the resonant frequency is especially sensitive to some parameters of the proposed antenna, such as the radius of the structure and the length of the double arcs. On the contrary, it has little effect on the uniform amplitude and the phase differences between the complementary dipoles. Hence, the frequency bandwidth of AR is wide enough due to the CSC shown in Figure 9 (d). e gain curve of this antenna is shown in Figure 9 (c), and the peak gain occurs at the resonance frequency. Since the radiation from the nonazimuthal plane is caused by surface waves, the peak gain of the proposed antenna is slightly smaller. In order to enhance the gain of the proposed antenna, we can employ the following methods to improve the follow-up work. By introducing metallic reflectors on both sides of the antenna, the radiation energy is concentrated on the azimuth plane, and thus, the gain is improved effectively. Besides, similar to the Yagi-Uda antenna, several metallic rings are placed at the position that a quarter waveguide wavelength away from the antenna edge, guiding the radiation energy to the azimuth plane.
Similarly, the effect of the maximum gain and the lowest axial ratio can be obtained at the centre frequency shown in Figures 9(c) and 9(d). is indicates that good performance is achieved in the resonant region of the proposed antenna, which was constructed by printed circuit board (PCB) technique, whose prototype is shown in Figure 10 . e comparison between simulated and measured results of this antenna is shown in Figure 11 . It can be seen from the figure that the antenna achieves omnidirectional radiation and satisfies the minimum nonroundness. e 2D pattern of the proposed antenna in the xoz plane is shown in Figure 11(b) . Obviously, the two main lobe beam widths of the radiation pattern are relatively large, which is the direct reason for the low peak gain of the antenna. e measured results are perfectly in accordance with that of the simulation.
In this paper, an LHCP antenna is proposed. It can also be clearly seen from Figure 11 that the amplitude difference between the copolarization (LHCP) and cross-polarization (RHCP) is more than 20 dB in the same plane. e orientation of the electric field and magnetic field in far field is parallel to the profile and the tangential direction of the circular patch antenna, respectively, and the magnetic current phase ahead of the electric current phase. Using the right-hand theorem, the thumb points to the propagation direction, and the field phase leading component turns to the field phase lagging component. RHCP conforms to the righthand theorem, while LHCP corresponds to the left hand.
at is to say, if the metallic current loop is connected to the upper right corner of the fan-shaped structure (opposite to the direction placed in this paper), an RHCP will be generated.
e proposed antenna has good AR characteristics in the whole azimuth plane as shown in Figure 9 (b), thanks to the CSC. Moreover, the placement with different rotation angles of the proposed antenna has no impact on the overall performance. Since the proposed CSC antenna owns symmetrical structure to z-axis exactly, it is supposed that the AR measurement environment will have an unpredictable effect on the antenna performance. In general, the results of measurement and simulation precisely correspond with each other, which verify the design concept. e comparison between the proposed and reference antennas is shown in Table 1 .
As can be seen from Table 1 , the proposed antenna has the lowest profile among the reference antennas. Compared with several of the planar structures, such as [2, 6] , they are larger in usable bandwidth than ours. However, the proposed antenna has reduced largely in size. More importantly, this proposed antenna possesses wider bandwidth and smaller size compared with the other planar structures. Finally, compared to nonplanar structures, the proposed antenna has the advantages of simple configuration, light weight, and low profile.
Conclusion
is paper presents a novel kind of CSC and omnidirectional CP antenna. It can easily be fabricated due to the simple construction. It is worth mentioning that the miniaturization technology of the proposed antenna is mainly realized by coupling arcs. Importantly, this work features the lowest profile and the smaller size relatively compared with the reference antennas. Moreover, it is omnidirectionally stable in the whole azimuth plane. e proposed antenna has an approximate 86% radiation efficiency, which has potential application in the field of the first generation of BeiDou Navigation System.
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